The magnetization of alloyed Ohmic contact film structures of the form AuGe/Ni/Au deposited on a GaAs/AlGaAs heterostructure substrate are reported as functions of Ni-layer thickness and alloying temperature. The observations are correlated with contact resistance and surface morphology studies. It is found that drops in magnetization, due to conversion of Ni to a non-magnetic phase or alloy, begin at anneal temperatures as low as 100
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Introduction
GaAs/AlGaAs heterostructures, with a high mobility twodimensional electron gas (2DEG) layer, are useful in the fabrication of electronic and optical devices for wireless and optical communication systems [1] . They are also used in the fabrication of Hall-effect based magnetic field sensors [2] in applications such as magnetic phase-diagram determination [3] , magnetic microscopy [4] and non-destructive testing (NDT) [5] . Contact resistances to the semiconductor in such devices influence parameters such as the transconductance, power dissipation and sensor-output signal-to-noise ratio. The film roughness influences the minimum gate-drain separation that can be used in electronic devices when maximizing bandwidth. In magnetic field sensors, the presence of ferromagnetic material, e.g. Ni, in the proximity of the sensor active area can, potentially, distort the measured field. Thus, reproducible, reliable Ohmic contacts to the 2DEG that have very low contact resistances, smooth surface, good thermal stability and, for sensor applications, no magnetism, are essential. Contacts based on AuGe/Ni sandwich layers have been extensively used for fabricating Ohmic contacts in GaAs MESFETs [6] , GaAs/AlGaAs and other heterostructures [7, 8] . These contacts are usually based on the preparation of an evaporated eutectic alloy film of AuGe (88 : 12 wt%) followed by a rapid-thermal anneal to a temperature of ∼400
• C. The use of eutectic composition of the AuGe alloy results in low 0022-3727/09/125104+08$30.00 1 contact resistance, presumably due to enhanced diffusion of Ge into GaAs when the AuGe layer melts. This metallization, however, suffers from poor surface morphology [9] . The addition of a Ni layer and a thick Au overlayer is found to reduce, to some extent, the surface roughness during alloying [10] . Several studies have shown that, apart from the diffusion of various elemental components into GaAs, significant changes occur in the metal film structure itself that could potentially influence electrical contact formation. For example, TEM studies have shown the presence of binary and ternary compounds, Ni 3 Ge, Ni 2 GeAs and Au-Ga alloys. A correlation was reported between the formation of Ni 2 GeAs (between Au-Ga and GaAs) layers and low contact resistance [11] . Thick Ni layers are beneficial in improving morphology [12] [13] [14] , which in turn, influences contact area. However, increasing the Ni-layer thickness may have other undesirable consequences: (a) unreacted Ni may make the structure ferromagnetic, (b) formation of compounds with Ni and Ge may deplete Ge and hence influence contact resistance. Study of the magnetism of annealed film structure, together with the contact resistance measurements, is not only of interest in magnetic field sensor fabrication but is also expected to give an insight into the sequence in which the processes involving Ge diffusion and compound formation occur. However, to our knowledge, no systematic studies have been reported on the magnetic properties and its dependence on processing conditions. In this paper, we report the dependence of magnetization, surface roughness and the contact resistance of alloyed AuGe/Ni/Au contacts on GaAs/AlGaAs multilayers on the following process parameters: Ni-layer thickness (for a fixed AuGe layer thickness of ∼100 nm), anneal temperature (T A ) and anneal duration (t A ) of post-deposition anneal. We also report similar measurements with three different AuGe film thicknesses (and hence AuGe/Ni ratio).
Experimental details
The GaAs/AlGaAs multilayer structure used in this study is grown by molecular beam epitaxy (MBE) and has the structure given in table 1. The sheet carrier density and electron mobility of the 2DEG are ∼3.4 × 10 11 cm −2 and ∼7800 cm 2 V −1 s −1 , respectively, at 300 K. The corresponding values at 77 K are ∼4.5 × 10 11 cm −2 and ∼1.4 × 10 5 cm 2 V −1 s −1 .
The contact resistance of the alloyed contacts is estimated using transmission line model (TLM) [15] . In this method, measurements of the voltage-to-current ratio (R d = V /I ) are made between adjacent pads of an array of alloyed contacts on a semiconductor strip. The separation, d, between adjacent pads varies, typically as d 0 , 2d 0 , 4d 0 , . . . , 2nd 0 , . . ., etc. The resistance V n /I = R n is expected to be linear with d or n extrapolating to 2R c /w at n = 0 (i.e. d = 0), where R c is the contact resistance (measured in mm) for unit width normal to current flow and w is the pad width on the semiconductor, normal to current flow. A TLM structure with pad size l = 0.1 mm, w = 0.4 mm and varying pad spacingsd = 0.025, 0.05, 0.1, 0.2, 0.4 mm-was fabricated as follows. The GaAs/AlGaAs substrates were chemically cleaned and mesa strips of length 3.0 mm and width 0.4 mm defined by H 3 PO 4 : H 2 O 2 : H 2 O etch. The TLM structures were patterned on photoresist using i-line photolithography. The substrates were sputter cleaned in O 2 plasma and a metal sandwich layer structure AuGe (100 nm)/Ni(x nm)/Au (200 nm), where x = 10, 25, 30, 50, 75, 100 nm, deposited on the GaAs/AlGaAs wafer (table 1) . AuGe alloy (88 : 12 wt%) is deposited first using thermal evaporation, then Ni using e-beam evaporation and finally Au by thermal evaporation. The thickness and growth rates of AuGe, Ni and Au films were monitored in situ by a quartz crystal oscillator and verified using a surface profiler. This was followed by lift-off of the photoresist. The substrates with the TLM patterns were annealed to a specific anneal temperature T A , in N 2 ambient for different durations after ramping up the temperature at a heating rate of 250
• C min −1 . The temperature was monitored using a data logger, on a symmetrically placed dummy wafer piece during the anneal. The wafer is heated using lamp-heating from the bottom; i.e. the wafer side. I -V characteristics at various pads are measured using a wafer-prober and device analyzer with probe currents in the range ±0.5 mA. The surfaces of the annealed contact pads are examined by scanning electron microscopy (SEM), energy dispersive x-ray analysis (EDX) and atomic force microscopy (AFM). The roughness is computed using the root-mean-square height of the sample over an area of about 5 µm × 5 µm of the dynamic force microscopy (DFM) topography data. The data have been repeated at several pads of the TLM structure.
The magnetization hysteresis loops of the alloy structures were measured using a vibrating sample magnetometer (VSM), with a magnetic moment resolution of 10 −6 emu. The measurements were carried out in sweep mode to 5 kG with the magnetic field applied parallel to the film plane. Pieces of GaAs/AlGaAs wafer with area 4 mm 2 were metallized with the structure AuGe (100 nm)/Ni (x nm)/Au (200 nm), x = 10, 25, 50, 75, 100. The pieces were rapid thermal annealed at 100, 200, 250, 300, 400 and 430
• C followed by the magnetic hysteresis loop measurements using VSM at room temperature. Background due to a sample of the same mass, but without the film structure, was subtracted and the resultant data was normalized by the magnetization of the as-deposited film structure.
The contact resistance and surface roughness studies were performed on another set of samples with differing AuGe layer thickness. The film layer structure was AuGe (y nm)/Ni (z nm)/Au (200 nm), where y = 50, 100, 150 nm and z = 37.5 and 75 nm. Yet another sample with y = 150 nm, z = 25 nm, was also studied. The top Au layer thickness was kept constant at 200 nm, in all the films. Figure 1 summarizes the contact resistance, R c , as a function of anneal temperature for varying Ni-layer thicknesses for optimized anneal durations. Some measured I -V curves for lower anneal temperatures are shown in the inset.
Experimental results
Electrical characteristics
The main results are:
(1) The contacts with Ni-layer thickness, 100 nm, show a nonlinear, large resistance (∼4 M ) for long duration anneals (∼10 min). Shorter anneals (<4 min) at all temperatures up to 430
• C, resulted in a diode-like characteristic similar to those obtained for samples with smaller Ni-layer thickness annealed at low temperature (inset of figure 1 ). temperatures below 400
• C and Ohmic behaviour for anneal temperatures above 400
• C. (3) The contacts with Ni-layer thicknesses 25 and 10 nm show Ohmic behaviour for anneal temperatures above 350
• C
Annealing at 430
• C is found to increase the contact resistance marginally for Ni-layer thicknesses 10, 25, 50 and 75 nm. The lowest, or optimum, contact resistance is observed for anneal temperatures ∼400
• C for each of the Ni-layer thicknesses 10, 25, 50, 75 nm (table 2) . Dependence of R c on Ni-layer thickness, optimized with respect to anneal temperature and time, is shown in figure 3 . Among these, the lowest contact resistance of 0.05 ± 0.01 mm is observed for AuGe/Ni/Au configuration with Ni-layer thickness 25 nm, for a 60 s anneal. The quoted error is the rms deviation over several separate deposition runs. The dependence of the contact resistance of AuGe/Ni/Au alloyed contacts on anneal durations with various Ni-layer thicknesses is shown in figure 2 . These results indicate that if the Ni-layer thickness is increased, a larger anneal time is required to optimize the contact resistance. Table 2 summarizes data for processing conditions that optimize contact resistance. The roughness obtained under these processing conditions is also given in table 2. Figure 4 shows the saturation magnetization (measured at an applied field of 5 kG) of samples with the metal film structure, as a function of anneal temperature. The magnetization data are presented as a percentage of the magnetization of the as-deposited (un-annealed) sample. The inset of this figure shows typical evolution of the magnetization hysteresis loops for the sample with 25 nm Ni-layer thickness, on annealing at various temperatures. The results show that the metallization structure becomes progressively less magnetic as the anneal temperature is increased. Remarkably, substantial decreases in magnetization occur even for anneal temperatures as low as 100 • C. The structure becomes completely non-magnetic on annealing at or above a temperature which varies from 200 to 430
Magnetic properties
• C as the Ni-layer thickness varies from 10 to 100 nm. The minimum anneal temperature required to complete the transformation to a non-magnetic phase is not known precisely but lies in the range given in table 2. It is noted that all samples with Ni-layer thickness 75 nm become non-magnetic on annealing at a temperature of 400
• C, a commonly used anneal temperature in alloyed Ohmic contact recipes (table 2). Figure 5 display typical AFM images of the annealed samples for two different Ni-layer thicknesses (25 and 100 nm). Table 2 gives the rms surface roughness computed over the scanned surface. The surface roughness decreases monotonically with the increase in Ni-layer thickness. They are in the range 30-3 nm for Ni-layer thickness 10-100 nm.
Surface morphology
SEM micrographs of alloyed samples are shown in figure 6 . EDX analysis indicates that the bright and dark • C for durations that gave the lowest contact resistance. regions in these micrographs are Au rich and Au-poor regions, respectively. As the Ni-layer thickness is increased, agglomerations on a much smaller scale are seen in the 'dark' regions. This structure eventually covers the entire surface for Ni-layer thickness >50 nm.
Varying Ni-to-AuGe layer thickness ratios
The data discussed in the previous section correspond to samples with a fixed AuGe layer thickness of 100 nm. A few measurements were also performed on samples with other AuGe thicknesses-50 and 150 nm. The motivation was to determine if the Ni-layer thickness to AuGe layer thickness ratio was influential in determining contact resistance, roughness (as suggested in some studies [16] ) and magnetic properties. • C anneal for a minute, result in a nonmagnetic contact structure with the contact resistance close to the optimum (∼0.04 mm). This also requires that AuGe thickness is larger than 50 nm, and thickness ratio of Ni/AuGe less than 0.5, conditions that are usually met in practice. Total film thickness of ∼450 nm approaches the maximum suitable for a lift-off patterning process with a typical photoresist thickness of 1 µm.
Discussions
A significant result of the study is that under conditions normally used for obtaining Ohmic contacts with an AuGe/Ni(x nm)/Au metallization structure, Ni is rendered non-magnetic after processing. The magnetization data of table 2 indicates that the samples with Ni-layer thickness of ∼10-100 nm are non-magnetic at room temperature, after the metal film structure is annealed at 430
• C for x = 100 nm and 400
• C for x = 10-75 nm. These are the temperatures most commonly used for Ohmic contact formation using AuGe. Use of excessively large Ni-layer thickness for improved surface morphology; however, results in an increase in the contact resistance, apart from requiring higher anneal temperatures to render the film structure non-magnetic.
TEM data reported in the literature [12, [17] [18] [19] indicate the formation of paramagnetic compounds such as Ni 3 Ge and Ni 2 GeAs in annealed AuGe/Ni structures. It is apparent, from the magnetization data presented here, that the transformation of ferromagnetic Ni to a non-magnetic compound or alloy begins at temperatures as low as 100
• C in all the samples. The contact resistance is still quite high at these temperatures (inset of figure 1 ).
The magnetization data offer some insight into the changes that occur in the metallization structure during processing. The samples with structures AuGe (50 nm)/Ni (25 nm)/Au (200 nm), AuGe (100 nm)/Ni (50 nm)/Au (200 nm) and AuGe (150 nm)/Ni (75 nm)/Au (200 nm) have nearly identical magnetic behaviours (figure 4). The Ni : AuGe layer thickness ratio, rather than the Ni-layer thickness itself appears to determine the magnetic fraction remaining after the anneal. This in turn implies that the transformed Ni-layer thickness is proportional to the AuGe layer thickness, independent of the Ni-layer thickness. This is confirmed by figure 7 which displays a quantity proportional to the transformed Ni-layer thickness, after anneals at different temperatures. It shows that the transformed Ni-layer thickness is independent of Ni concentration until all the Ni is transformed to the nonmagnetic phase (except the 10 nm Ni layer). These two factors, i.e. the independence of M of Ni-layer thickness and its proportionality with AuGe layer thickness, imply that Ni diffuses into solution in AuGe and this process is limited by the concentration of Ni in the AuGe. In this picture, the temperature dependence of transformed layer thickness seen in figure 7 could be a reflection of the temperature dependence of the solubility of Ni in AuGe. Cooling the sample could result in nearly complete segregation of Ni and formation of Ni 3 Ge, including at the GaAs surface, as indicated by TEM studies [12] .
The rate of transformation of Ni to the non-magnetic phase shows Arrhenius behaviour (inset of figure 7 ) with a low temperature activation energy (∼0.12 eV) that is apparently independent of Ni-layer thickness. In the scenario described above, the activation energy might correspond to that required for Ni diffusion into AuGe. The activation energy changes to a lower value at a temperature that increases with Ni-layer thickness. The cause of this decrease is not clear. One possibility is the phase segregation of Ni 3 Ge at the Ni-AuGe interface, at large Ni-layer thicknesses.
As far as electrical contact is concerned, experimental data clearly indicate that Ni layer is beneficial in low thickness, for Ohmic contact formation, i.e. 25-30 nm Ni-layer thickness for a 100 nm Au-Ge layer thickness (figure 3). Moreover, it is the ratio of thicknesses of the Ni and AuGe layers ∼0.25 that seem to determine the contact resistance as evidenced by the data on samples with other AuGe layer thicknesses (table 3) . (Small increase in contact resistance at very low Ni-layer thickness-∼10 nm-is probably due to the Ni-layer's non-conformal coverage of the AuGe layer and resulting agglomeration effects on annealing as in figure 6 .) This is consistent with previous findings on alloyed Ohmic contacts to AlGaAs/GaAs heterostructures [20] . Our contact resistance data on similar structures but without the Ni-layer are two orders of magnitude higher than for structures with Ni layers but of low (<50 nm) thicknesses. The ratio of the number of atoms per unit area of Ge to Ni at this Ni-layer thickness (25 nm), for the AuGe thickness of 100 nm, comes to approximately 1. Procedures utilizing separate Ge, Au and Ni layers [13] , find optimum contact resistance formation around 1 : 1 for the Ge : Ni-layer thickness ratio which corresponds to 1 : 2 for the atom areal density ratio. Moreover under these conditions, the contact resistance variations with the process parameters, Ni layer thickness, anneal temperature and time corresponds to a reasonably shallow minimum.
The surface roughness is, however, quite sensitive to Ni-layer thicknesses, decreasing steadily with increase in Ni-layer thickness. In situ x-ray diffraction studies [21] reveal the formation of Au-Ga compounds on annealing wafers with Au or AuGe layers deposited on GaAs. The Au-Ga compounds formation is reported to begin at temperatures >500
• C for Au layers and in the case of Au-Ge alloy layers when the alloy layer melts (∼360
• C) [12, 21, 22] . Their formation has been interpreted to be the cause for deterioration of the surface morphology of the contacts. This study also reveals that the presence of low thickness Ni layers (∼10 nm) does not significantly affect the temperature of formation of Au-Ga compounds nor their melting temperatures determined from the re-heating runs. However, the presence of thicker Ni layers (∼50 nm) results in an increase in both these temperatures. Ni dissolution into Au-Ge on annealing, as suggested by this study, presumably increases both the melting temperature of Au-Ge layer and that of the Au-Ga compounds after their formation. This would then explain decrease in surface roughness with increasing Ni-layer thickness. Another contributing factor could be the influence of concentration of Ni in AuGe on nucleation and grain growth of the Ni 3 Ge phase. A larger Ni-layer thickness could result in higher density of nucleation centres, and consequently, a small grain size, for a Ni 3 Ge phase. This latter effect could also be invoked to explain the increase in contact resistance with increasing Nilayer thickness. It has been suggested that NiAs(Ge) that is observed to form at relatively high temperatures (>400
• C) is essential for Ohmic contact formation in one of two ways: (1) reduction in barrier height between a postulated Ge n+ layer on GaAs and AuGa layer due to an intervening NiAs(Ge) and (2) tunnelling through a narrow depletion barrier due to a structure AuGa/NiAs(Ge)/n + GaAs [6, 12, 18, 23] . Formation of Ni 3 Ge at the expense of NiAs(Ge), on increasing Ni-layer thickness is a possibility that might result in an increase in contact resistance. The increase in contact resistance over the optimum value with increase in anneal time or anneal temperature has been attributed to several causes: (i) out diffusion of As from GaAs and change in Ge : As ratio to an As-rich one (ii) increase in area covered by Au-Ga over that by NiAs(Ge) [12, 24] .
Conclusions
Magnetization hysteresis studies on commonly used metallization of the form AuGe/Ni/Au on GaAs/AlGaAs multilayers indicate that all metallizations are non-magnetic at room temperature after annealing at 400
• C (430 • C for Ni-layer thickness 100 nm). Conversion of Ni to non-magnetic phase, begins for anneals at temperatures as low as 100
• C and is completed at an anneal temperature that increases with Ni-layer thickness. This process precedes the decrease in contact resistance to the sub-M range. Systematic studies of the variation of the contact resistance with Ni-layer thickness on a sample with Au-Ge layer thickness of 100 nm indicate that the lowest contact resistance of (0.05 ± 0.01 mm) is obtained at a Ni-layer thickness of 25 nm when annealed at 400
• C. At low Ni-layer thickness (<25 nm), slight increase in contact resistance is observed relative to the optimum, probably due to a decrease in contact area resulting from the surface roughening. Increasing the Ni-layer thickness reduces roughness of annealed contacts, but increases contact resistance. Measurements on samples with other AuGe layer thicknesses suggest that the contact resistances are comparable to this optimum value, if the Ni-to-AuGe layer thickness ratio is about 0.25 or less. The fraction of Ni remaining magnetic as a function of anneal temperature is nearly identical for samples with structures AuGe (150 nm)/Ni (75 nm)/Au (200 nm), AuGe (100 nm)/Ni (50 nm)/Au (200 nm) and AuGe (50 nm)/Ni (25 nm)/Au (200 nm). The effective thickness of Ni layer converted into non-magnetic phase is independent of Ni-layer thickness for constant AuGe layer thickness, until complete conversion. These results are suggestive of Ni solubility limited diffusion into AuGe layer followed by the possible segregation and formation of Ni 3 Ge.
Introduction
III-V compound multilayer structures, such as GaAs/AlGaAs and AlGaAs/InGaAs, incorporating the two-dimensional electron gas (2DEG) layer, are useful for the fabrication of devices [1] [2] [3] such as optical devices, high electron mobility transistors (HEMTs) and high sensitivity Hall-effect magnetic field sensors. The structures usually incorporate an n + GaAs cap layer that is useful in the formation of ohmic contacts. A widely used recipe for the realization of low-resistance ohmic contacts to these structures is the deposition of AuGe/Ni/Au multilayer metallization [4] [5] [6] followed by a rapid thermal anneal to facilitate alloying. The recipe gives low contact resistances in the region of 0.03-0.1 mm; however, this is achieved at the expense of an increased surface roughness [7] , a factor that influences the transistor gate fabrication. The surface roughness can be reduced by increasing the Nilayer thickness or decreasing the Ge content below that of the eutectic composition (88:12 wt%), albeit at the expense of increasing the contact resistance [8] [9] [10] [11] [12] .
Residual magnetism, if any, of the processed metallization structure, is relevant to the magnetic field sensor application. Our efforts to track the contact resistance and magnetism of the structures, while optimizing process parameters such as anneal temperatures and Ni-layer thicknesses, revealed that the solid phase dissolution of Ni into AuGe takes place at temperatures much lower than that at which alloying takes place [12] . In this paper we report the results of magnetization, contact resistance and roughness studies and also of melting in the metallization structure, as the Ge content and Ni-layer thickness are varied. The temperature dependence (4-300 K) of the contact resistance was undertaken on a few samples to study the changes in the electrical contact mechanism and also in the context of low-temperature applications of the magnetic field sensor.
Experimental details
Three contact metallization structures-with eutectic (88:12 wt%) and off-eutectic (95:5 and 97.3:2.7 wt%) compositions of the AuGe alloy-were investigated. The alloyed contacts were prepared by evaporating AuGe (100 nm)/Ni (30 nm)/Au (200 nm) using thermal and e-beam evaporation, onto wafer pieces with a multilayer structure as shown in table 1. The sheet carrier density and electron mobility of a twodimensional electron gas are ∼3.4 × 10 11 cm −2 and ∼7800 cm 2 V −1 s −1 , respectively, at 300 K and ∼4.5 × 10 11 cm −2 and ∼1.4 × 10 5 cm 2 V −1 s −1 at 77 K. The samples were then subjected to anneal at a temperature T A reached at the heating rates of 250
• C min −1 , held at T A for durations t A in N 2 atmosphere. Magnetization hysteresis loops of samples with the annealed contact structures with several Ni layers thicknesses were measured using a vibrating sample magnetometer (VSM).
The contact resistances were measured from room temperature to 4 K on samples lithographically patterned for use of the transmission line or transfer length model (TLM) [12, 13] . One was a sample with the eutectic AuGe layer, namely AuGe (88:12 wt%)/Ni (30 nm)/Au whose contact resistance is close to the optimum. The other two samples were those in which the roughness was reduced-one by increasing the Ni-layer thickness to 50 nm and the other by using an AuGe layer composition of 95:5 wt%. Temperature scans of differential scanning calorimetry (DSC) were performed on the metallized substrate, with a bare substrate as the reference. The scan spanned from room temperature to 500
• C at a heating rate of 100
• C min −1 . The surface roughness was estimated by measuring the root-mean-square height of the sample over an area of about 5 μm × 5 μm, at several pads of the TLM structure using dynamic force microscopy (DFM). Figure 1 summarizes the contact resistance, R C , as a function of the anneal temperature, T A , for three AuGe alloy compositions for the optimized anneal durations, t A . The R C dependence on the Ni-layer thickness, optimized with respect to anneal temperature and time, for the eutectic AuGe alloy is shown in the inset.
Results and discussion
R C (T A ) has a lower value and shallower minimum (better process latitude for T A ) for the Ni-layer thickness ∼25-30 nm (AuGe ∼ 100 nm) and AuGe composition near the eutectic [12] . The roughness however is large (∼20 nm). The implications of attempting to reduce the roughness by increasing the Ni-layer thickness or by reducing the Ge content, for the contact resistance and for magnetic properties, can be seen in table 2. Increasing the Ni-layer thickness (50 nm) above the optimum does halve the roughness but increases the contact resistance ∼10 times, while the use of the off-eutectic alloy with 95:5 wt% results in a reduction of the surface roughness by 75% and increases the contact resistance only about twice that of the eutectic composition, albeit with a higher sensitivity to anneal temperature. Clearly, use of an off-eutectic AuGe alloy with a lower Ge content, such as the AuGe with 95:5 wt% alloy, is a better compromise for trading off the contact resistance for the roughness reduction than increasing the Ni-layer thickness. The reduction in roughness in the sample with AuGe ∼ 95:5 wt% relative to that with the eutectic AuGe ∼ 88:12 wt% alloy is evident in the atomic force microscope (AFM) images.
Magnetization hysteresis loops of the film structures, which are magnetic in the as-deposited state, collapse as the anneal temperature is increased. They become completely non-magnetic on annealing at or above a temperature which varies from 250
• C to 430
• C, as the Ge content is decreased and as the Ni-layer thickness is increased (table 2) . Notably, the decrease in magnetization occurs even after anneals at temperatures as low as 100
• C. The fraction of the Ni layer transformed to the non-magnetic phase scales with the AuGe layer thickness and is independent of time, implying a solid state, solubility-limited dissolution of Ni into the AuGe layer. Ni solubility in the AuGe layer decreases with the decrease in the Ge content in the AuGe alloy layer. This is evident from figure 2 which shows the decrease in magnetization per unit area ( M), proportional to the Ni-layer thickness transformed to the magnetic phase, as a function of anneal temperature.
The data are independent of the initial Ni-layer thickness until all the Ni is transformed, for a given AuGe composition. The data demonstrate that the solubility of Ni in AuGe is very sensitive to temperature, in addition to Au-Ge compositions.
The limited solubility for Ni implies a likely precipitation of Ni containing compounds on cooling after the anneals. Grazing incidence XRD indicates the presence of NiGe after cooling from anneals at 300
• C in samples that are found to be non-magnetic at room temperature. TEM [14] [15] [16] studies indicate the presence of Ni 3 Ge, Ni 2 GeAs and AuGa after anneals at temperatures close to or greater than temperatures at which alloying with the substrate takes place. A picture consistent with these data is that Ni dissolves into AuGe at temperatures >100
• C to an extent limited by temperature-dependent solubility; phase segregation to nonmagnetic NiGe, Ni 3 Ge or Ni 2 GeAs takes place on cooling the structure to room temperature as anneal temperatures are progressively increased.
DSC data (figure 3) and the contact resistance results indicate that the Ni dissolution into AuGe influences the melting and alloying characteristics of the metallization structure. Endothermic peaks typical of melting are seen in DSC data. Additional evidence that these peaks are signatures of melting comes from the surface roughness data as a function of the anneal temperature, T A , for the eutectic AuGe alloy with different Ni-layer thicknesses, (figure 4).
The roughness is seen to increase with anneal temperatures that correlate well with observed peak positions in DSC data. It is likely that the increase of the melting temperature with the increase of initial Ni-layer thickness, and hence, the increase of dissolved Ni in AuGe prior to melting and with the decrease of Ge content, is the cause for the reduced roughness. Figure 5 shows AFM micrographs of the surface of two samples, one prepared with AuGe at the eutectic composition and the other with off-eutectic composition (95:5 wt%) both annealed at 400
• C (at which the contact resistance is close to optimum). A considerably reduced roughness (table 2) is evident in the latter sample whose anneal temperature is closer to the temperature of 'melting' in its metallization structure. Precise quantitative comparisons of temperatures are difficult in view of differences in the experimental setup for the DSC and contact anneals, and also the rapid heating rates. These results are consistent with in-situ XRD results [17] of Au-Ge alloy layers deposited on GaAs, which also demonstrate the increase of melting temperatures when thicker Ni and thinner Ge-layers are used in Au/Ge/Ni-type metallization structures. This study also reveals the formation of low-melting (∼360 • C) Au-Ga phases when the metallization structure melts, which is believed to contribute to surface roughening [17, 18] .
The electrical conduction across the AuGe-based contacts to GaAs has been reported to show both thermionic emission and tunneling characteristics [19] . The specific contact resistivity (ρ c ) (determined from the TLM measurements as
T , where L T is the current transfer length in a lateral contact and R s is the semiconductor sheet resistance) as a function of temperature (4-300 K) for three samples is shown in figure 6 : a sample with the almost optimum contact resistance (eutectic AuGe-88:12 wt% and Ni-layer thickness of 30 nm/Au) and the two other samples, one with increased Ni-layer thicknesses (50 nm) and another with reduced Ge content (Au:Ge::95:5 wt%).
ρ c increases linearly in the temperature range ( 100 K) and levels off as the temperature decreases to below 100 K (table 3) . The experimental data have been fitted using the expressions of ρ c based on the thermionic and tunneling models of current transport through the metal semiconductor contacts. The line drawn through the contact resistivity points is a fit to the equation based on the thermionic field emission [20] .
where φ B is the effective barrier height and E 00 is the tunneling parameter. Arrhenius behavior expected of thermionic current transport dominates ρ c (T) above 100 K. The weak temperature dependence of ρ c below 100 K indicates a change in the current transport mechanism from thermionic to tunneling. The values of the effective barrier height increase with the increase of the Ni-layer thickness and the decrease of the Ge content (table 3) from that of the structure with the eutectic AuGe alloy and lowest contact resistance. The increase in the barrier height is less in the case of the metallization structure with decreased Ge content than in the case of increased Ni-layer thickness.
Conclusions
Ni undergoes a solid-state dissolution into AuGe at relatively low temperature, on the annealing contact metallization structures of the type AuGe (88:12)/Ni/Au. The solubility of Ni in AuGe is reduced when the Ge content in AuGe is decreased. The metallization structure, eutectic AuGe alloy with a Ni-layer thickness of 25-30 nm, results in the lowest contact resistance among the structures studied; the contacts however show morphology with considerable roughness. The roughness can be decreased using a lower Ge contact or increasing the Ni thickness; lowering the Ge content however seems a better choice for trading off the contact conductance for surface smoothness. The structures show signatures of melting with the 'melting' temperature increasing with both increase of the Ni-layer thickness and decrease of the Ge content, the possible cause of decreased surface roughness on alloying. The temperature dependence of the specific contact resistance has both thermionic and tunneling characteristics, with barrier heights increasing with the increase of the Ni-layer thickness or the decrease of the Ge content in the structure. Magnetization data indicate that the annealed structures are non-magnetic, at room temperature for commonly used anneal temperatures (∼ 400-430°C) and Ni-layer thicknesses (10-100 nm). The transformation of Ni to nonmagnetic phase begins at ∼ 100°C, well below temperatures at which extensive alloying with the GaAs substrate takes place. The fraction of Ni transformed to non-magnetic phase on annealing appears to scale with AuGe layer thickness, has a quadratic dependence on anneal temperature and is time independent for time scales of minutes. The data indicate that the Ni layer dissolves into the AuGe layer at temperatures well below that at which alloying between AuGe and GaAs substrate takes place. The dissolved Ni concentration is limited by a solubility that increases with anneal temperature and decreases with decreasing Ge content from that of the AuGe eutectic composition.
Nickel dissolution into
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Introduction
One of the most commonly used recipes for Ohmic contacts in GaAs devices is deposition of the metal structure, AuGe/Ni/Au, followed by alloying with the substrate using rapid thermal anneal [1] [2] [3] . The use of eutectic composition for the AuGe alloy layer along with a Ni layer results in low contact resistance [4] . Increase of the Nilayer thickness results in lower post-anneal film roughness; however, this is at the cost of increasing the contact resistance [5, 6] . Moreover, magnetism of the Ni layer can potentially influence device performance; especially so in the case of Hall Magnetic sensors that exploit high magnetic-field sensitivities of multilayers incorporating the 2-dimensional electron gas (2DEG) layer [7] . Use of off-eutectic compositions of the AuGe alloy is an alternative for obtaining lower surface roughness [8] with some increase of the contact resistance. In this context, it is of interest to track changes of Ni in the contact metal structure to non-magnetic phases with anneal temperature and time, along with changes of contact resistances and roughness, as the Ge concentration is decreased and Ni-layer thickness is increased. In this paper we report some interesting results obtained from magnetization studies of annealed structures of the type AuGe/Ni/Au on GaAs/AlGaAs multilayers (with n + cap layer) with varying AuGe compositions and Ni-layer thicknesses.
Experimental details
The wafer used was SI-GaAs with multilayer-structure deposited by Molecular Beam Epitaxy, shown in Table 1 . The metallization structure was prepared by evaporating AuGe (100 nm), Ni (25, 30, 50, 75 , and 100 nm) and Au (200 nm) using thermal, e-beam and thermal evaporation respectively. Magnetization hysteresis loops of samples with the annealed contact structures with several Ni-layer thicknesses were measured using a Vibrating Sample Magnetometer, with a magnetic moment resolution of 10 − 6 emu. Metallizations with three Au-Ge compositions -eutectic (88:12 weight %) and off-eutectics (95:5 and 97.3:2.7) -were investigated. The samples were subjected to anneals at a temperature T A , reached at heating rates of 250°C/min, held at T A for durations, t A (typically 1 min), and then cooled down [9] . This was followed by magnetic hysteresis loop measurements at room temperature. The measurements were carried out in sweep mode to 5 kG with the magnetic field applied parallel to the film plane. Background due to a sample of the same mass, but without the film structure, was subtracted and the resultant data was normalized by the magnetization of the as-deposited film structure. Some measurements were also performed with different AuGe film thicknesses, but keeping the ratio of Ni to AuGe film thicknesses at the same value of 0.5. 
Results and discussion
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Thin Solid Films j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / ts f thick Ni layer subjected to anneals at various temperatures. These data are typical of the magnetic behaviour of the Ni-containing contact metallization structures. The results show that, while the asdeposited film structures are ferromagnetic, the metallization structure becomes progressively less magnetic as the anneal temperature is increased and becomes completely non-magnetic at a higher temperature. The minimum anneal temperature required to complete the transformation to a non-magnetic phase, for different Ni and AuGe layer thickness, though not known precisely, lies in the range given in Table 2 . Fig. 2 shows magnetization of annealed samples as a percentage of the magnetization of the un-annealed sample as anneal temperature is increased. The temperature, to which the structure needs to be annealed to render it completely non-magnetic, increases with increasing Ni-layer thickness as seen in Fig. 2 . This temperature varies from 250°C to 430°C for contact structures with varying Ni-layer thickness and Ge content. Hence, under conditions normally used for obtaining Ohmic contacts, the structure is non-magnetic for a wide range of Ni-layer thicknesses. It is noteworthy that decrease in magnetization occurs at anneal temperatures as low as 100°C. Motivated by reports [10, 11] about the importance of the ratio of Ni to AuGe layer thickness to contact resistance, a few magnetic measurements were also performed on samples with other AuGe (88:12) thicknesses -50 nm and 150 nm other than 100 nm (viz. Ni to AuGe thickness ratio constant at 0.5). As seen in the inset of Significantly, also, the extent of Ni transformed to non magnetic phase is independent of time at a given anneal temperature (for time scales ∼15 min) as shown in Fig. 3 . It depends only on anneal temperature at typically used anneal durations. Clearly, the transformation involves fast dissolution of Ni into AuGe, rather than a slow diffusion at these time scales. Fig. 4 displays the decrease in magnetization per unit sample area (a quantity proportional to the thickness of Ni layer transformed to non magnetic phase) for AuGe layer with the eutectic composition (88:12 wt.%), with varying Ni-layer thickness, after anneals at different temperatures. It shows that, for AuGe layer thickness fixed at 100 nm and eutectic composition, the transformed Ni-layer thickness is independent of Ni concentration until all the Ni is converted to the non-magnetic phase. The sample with a 10 nm Ni layer is an exception -it is possible that the film's conformal surface coverage may have been affected at this thickness. The Ni layer appears to dissolve into the AuGe layer to an extent limited by the temperature dependent solubility of Ni in AuGe, at temperatures well below that at which alloying with GaAs occurs. This solubility limited diffusion of Ni into AuGe layer is possibly followed by segregation and formation of non-magnetic Ni-Ge on cooling [12] [13] [14] [15] [16] [17] . This is true of the structures with AuGe at the composition 95:5 wt.% as well as seen in Fig. 5 . This figure shows the Table 1 GaAs/AlGaAs wafer and the contact metallization structure. transformed Ni-layer thickness as a function of anneal temperature for eutectic and off-eutectic AuGe compositions (88:12, 95:5, and 97.3:2.7 wt.%). The solubility itself is sensitive to Au-Ge composition, decreasing with decreasing Ge content from that of the eutectic composition (88:12). This solubility has increasing dependence on temperature, with an apparent quadratic behaviour in the eutectic AuGe alloy (see inset of Fig. 2 ). TEM data reported in the literature [12, 13, 15, 18] provide indications regarding Ni compound formation after Ni containing contact structures are annealed. It is reported that Ni 3 Ge is formed after low temperature anneals, while Ni 2 GeAs is detected after high temperature anneals. The presence of Ni 2 GeAs has been correlated with contact formation. A picture consistent with these data is that the Ni dissolves into AuGe at temperatures N100°C to an extent limited by temperature dependent solubility, then re-precipitated as Ni 3 Ge or Ni 2 GeAs, for anneals less than or greater than that of alloying temperatures respectively.
Conclusions
In conclusion, we have observed that metallization structures are rendered non-magnetic at room temperature after annealing at typically used alloying conditions of temperature (400-430°C). Conversion of Ni to non-magnetic phases, begins at anneal temperatures as low as 100°C and is completed at an anneal temperature that increases with increasing Ni-layer thickness and decreasing Ge content in the AuGe alloy. Three results namely, transformed Nilayer thickness i) scales with AuGe layer thickness, ii) is independent of Ni-layer thickness at a given temperature prior to complete transformation and iii) is time independent at constant anneal temperature, imply a solubility limited dissolution of Ni into AuGe. This solubility increases quadratically with anneal temperature and decreases with decreasing Ge content in the AuGe alloy. Si-based Hall effect magnetic field sensors that include builtin support circuits are commonly available [1] .
The material sensitivity of a Hall sensor, K H~VH /iB, (V H is the Hall voltage for excitation current i (amps) and magnetic field, B (Tesla)) varies as 1/n s , where n s is the sheet carrier density perpendicular to the field. The option to build in increased sensitivity by decreasing n s is, however, limited by increasing source resistance, and hence noise, unless carrier mobility, μ is also increased.
This accounts for the popularity of materials such as GaAs and InSb as Hall sensor materials [2] , [3] . Multilayer structures with the 2 dimensional electron gas (2DEG) layer also offer good promise since they consist of a thin carrier sheet with high mobility [4] . Device sensitivities will be influenced by the largest useable excitation current for a given maximum power dissipation. These structures have sensitivities five to tens times than that available with doped Si. Other advantages are ability to microfabricate small area sensor (~0.3µm square [5] ) and sensor arrays for magnetic field imaging, low temperature operation (subject to limitations imposed by Quantum Hall Effect). Potential for building on-chip support circuits for varied applications exist since the same structure is suitable for HEMT fabrication [6] . The Hall sensor can be used without flux concentrators for improved spatial resolution. The sensors have potential for application in proximity sensors, Non-destructive testing of cracks and other defects in carbon steel pipes [7] and in research [8] .
A structure typical of the wafers used by us is shown in Table 1 [9] . 10 µm x 10µm for NDT applications and 7-10 member sensor arrays for other applications. A five-mask process principally for isolation-etch, Ohmic contact, interconnection and protection was used with i-line photolithography. Room temperature sensitivity was typically 1200 V/AT and is determined principally by the structure. Typical excitation currents during use were in the range 10-100 µA. Self heating needs to be avoided as there is a small variation of the sensitivity (Fig.1) and offset with temperature. This paper describes application of the 2DEG GaAs/AlGaAs sensors to Non-destructive testing by flux leakage measurements, some Ohmic contact processing and process optimization issues arising in the context of this application and some insights offered by magnetic measurements on the changes taking place in the metallization structure prior to alloying. The Contact resistances were determined using the transmission line (or transfer length) (TLM) model [10] .
II. FLUX LEAKAGE MEASUREMENTS
The sensors were tested for application to Non-destructive testing (NDT) using the flux-leakage technique for magnetic materials, as follows. The magnetic field data was logged as the sensor was scanned across electro-discharge machined (edm) notches in Carbon steel plates. The field profile expected with sensors that measures the tangential component (eg. GMR) or the normal component (eg. Hall sensor) of the leaked flux is shown in fig. 2a and 2b . Fig. 3 shows such data acquired using 2DEG Hall magnetic field sensor with active area 50 µm x 50µm. Clear dipole-like signals are detected with typical useable stand-off distances of 400 µm. Signals from a subsurface notch can also be seen, especially if a monotonic background due to the finite size of the plate is subtracted.
For stand off distances of the order of crack width or less, the distance between the signal maximum and the minimum correlates with the width. Peak height correlates with the crack depth. The crack dimensions can be estimated using the dipole model of the crack [11] . An image of a crack using an x-y scan is shown in Fig. 4 .
Some problems with the sensors have been a sizeable and variable offset-probably arising from defects in the wafer and patterning-and possible shorting of the excitation current if the voltage leads are positioned too close to the active area in an effort to reduce source resistance.
III. OHMIC CONTACT PROCESS OPTIMIZATION
Contact resistance and magnetic properties of the contact are of interest in the context of the Hall-effect based magnetic field sensors and surface roughness in the context of support circuits using FETs integrated into the sensor substrate. A popular recipe for fabricating Ohmic contacts to GaAs is the 2b 2a deposition of a metallization structure with eutectic AuGe(88:12 wt%)/Ni/Au on a n + GaAs cap layer, followed by a rapid thermal anneal (RTA) to about 400 o C [12] . Ge diffusion into GaAs and Ga diffusion into the metallization layer occur at the 'alloying' temperature, usually in the region of temperatures at which the AuGe melts [13] . The use of Ni, however, could render the structure magnetic and interfere with the local magnetic field measurements. Cr, Ti, Pd, Pt etc are some non-magnetic alternatives to Ni [14] . However, both roughness and contact resistance deteriorate. Fig.5 and 6 show examples of SEM micrographs and contact resistance vs. anneal temperature for Ohmic contact metallization structures with Ti, Cr, Ni and no interlayer between AuGe and Au layers.
Clearly, Ni interlayer is the best choice in terms of contact resistance and surface roughness. An optimization of the Ni layer thickness is, however, in order as thick layers reduce roughness but increase the contact resistance and possibly magnetization. The Ni film thickness, optimized for least contact resistance is ~25-30nm (Fig. 7) for an AuGe layer thickness of 100nm. The least contact resistance is ~0.03-0.05 Ω-mm and the contact resistance as well as roughness and magnetization depend on the Ni-to-AuGe film layer thickness ratio ( Smoother films are obtained with higher ratio of Ni: AuGe layer thickness (Fig.8a & 8b) , however, contact resistance increases. Moreover, magnetic characterization of the films becomes important. As shown in Fig. 9 , the room temperature magnetization of the film structure drops rapidly as the anneal temperature is increased. While the contacts with typically used structures (contact resistance optimized) become non-magnetic after anneal at temperatures well below the alloying temperature of ~400 o C, the anneal temperature required to render the contacts nonmagnetic increases with Ni layer thickness. 100nm thick Ni layers (Ni: AuGe) ratio 1:1 are rendered non-magnetic at ~430 o C. Despite the contact roughness reductions by an order of magnitude, the electrical characteristics of the contacts are poor ( Table 2) .
The use of AuGe alloy with reduced Ge content [17] , [18] is a better option than increasing the Ni-layer thickness, for reduction in roughness of the processed metallization structure while keeping the structures non-magnetic and conducting with relatively low temperature anneals. The contact resistance with respect to anneal temperature for three different AuGe compositions is displayed in Fig. 10 . The contact metallization structure fabricated with 95:5 wt% is smooth and has a contact resistance that is only three times larger than the best contact, but is still an order of magnitude smaller than that of the structure that achieve the same roughness reduction by increasing Ni layer thickness. The data of Fig. 9 and Table 2 indicate that the amount of Ni converted to non-magnetic phase is proportional to the AuGe layer thickness; clearly the changes are not restricted to Ni-AuGe interface. Further, as the Fig.11 inset shows, at anneal temperatures at which conversion of Ni to nonmagnetic phase is still partial, the transformed fraction is independent of time.
Thus the Ni-conversion to non-magnetic phase appears to occur through a solid state solubility limited dissolution of Ni into AuGe (starting at temperature <100 o C). This is more apparent in the Fig.12a , which shows a quantity proportional to the transformed Ni layer thickness as a function of anneal temperature. The data indicate that 1) the transformed Ni layer thickness depends only on the anneal temperature and is independent of the initial Ni layer thickness, until all the Ni has been transformed into the non-magnetic phase. (The exception is the 10nm Ni layer that may suffer from lack of conformal coverage) 2) The solubility of Ni into AuGe varies quadratically as the temperature (Fig. 11), 3) The solubility of Ni in AuGe decreases with decrease in Ge content of the AuGe alloy layer (Fig. 12b) .
Thus, the layer that melts and subsequently alloys with the substrate is AuGe with dissolved Ni. DSC results show that both increase of Ni layer thickness and decrease of Ge content in AuGe, increases the melting temperature of the metallization (Figs.13a &b) . Two possible causes for roughness reductions are 1) decreased viscosity of the molten AuGe(Ni) layer as the melting temperature gets closer to the temperature at which alloying is performed. 2) enhanced adhesion to the GaAs surface with larger Ni and smaller Ge content.
The AuGe (Ni) and Au layers are still distinct (Fig 15) when the sample is cooled down after annealing at 300 o C, a temperature at which the structure is just rendered nonmagnetic, but no alloying or melting has taken place.
Au overlayer and AuGe(Ni) layer are still distinct prior to melting of the AuGe layer and alloying with the substrate (Fig. 14) . Grazing incident XRD data indicate the presence of NiGe phase in this structure. Other data in the literature indicate the presence of Ni 3 Ge phase for samples cooled down from higher temperature anneals and larger Ni thickness, finally Ni 2 GeAs and AuGa phases when alloying takes place [19] - [23] . When separate Au and Ge layers, rather than AuGe alloy films are used a propensity for AuGe and Ni-Ge to form, with Ni as the 'fast diffusing species' has been reported from experiments on SiO 2 substrates [24] , [25] .
Low temperature dependence of contact resistance (Fig. 15 ) displays both tunneling and thermionic emission characteristics. Fits to thermionic field emission model [26] indicate that the effective barrier height in contact structures with enhanced Ni layer thickness or decreased Ge content in the AuGe alloy increases in relation to the optimal structure (eutectic AuGe with 30nm Ni) ( Table 3 ). Current AFM data (Fig. 16a&b) on alloyed structures show short term fluctuations of the conductivity despite the deposited top 200nm Au layer. This could arise from the Ni-Ge or Ni-Ge-As precipitates or from the molten AuGa phases resulting from alloying. V. CONCLUSIONS Contacts of the type AuGe/Ni/Au are rendered nonmagnetic (at room temperature) for anneals at temperatures well below the alloying temperature at which the contact resistance drops. A solubility limited Ni dissolution into AuGe layer appears to take place well below the alloying temperature, increasing the structure's melting temperature. Lowering the Ge content is a better option to increasing Ni layer thickness, for roughness reductions from the magnetic and electrical point of view. Temperature dependence of contact resistance shows characteristics of both tunneling and thermionic emission behaviour. Conductivity (x-y) map of the contacts shows short range fluctuations despite the deposition of 200nm thick Au overlayer.
